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Two methods to assess sweat electrolyte loss include 1) whole body washdown (WBW) techniques and 2) regional skin surface (REG) collections. WBW is the criterion method to determine whole body sweat electrolyte loss, while REG collections overestimate Na ϩ loss and over-or underestimate K ϩ loss (30, 31) . The WBW method is considered the most accurate measure of whole body sweat electrolyte loss because 1) all sweat runoff is collected and accounted for, and 2) it does not interfere with the normal evaporative sweating process. Shirreffs and Maughan (31) have demonstrated accurate (102% of volume, 98 -101% of sweat electrolytes) and reliable (coefficient of variation ϭ 3% for volume and 2-6% for electrolytes) recovery of sweat volume and electrolytes with their methodology for whole body sweat collection in humans. The WBW method requires a controlled laboratory setting, and the mode of exercise testing is limited to cycling. By contrast, REG patch collections are relatively simple and more practical for field studies and treadmill protocols. Both single-and multiple-site regional collections have been used to estimate whole body sweat electrolyte losses. A single site (e.g., forearm) is often used if access to other skin regions is limited (e.g., due to clothing). In a laboratory setting, or if field-study conditions allow, investigators may apply patches to multiple sites and calculate whole body sweat electrolyte concentration using an equation weighted for local sweat rate and body surface area (35) . However, the validity of REG patch collections as a direct measure of whole body sweat electrolyte concentration is limited because 1) sweat composition and sweat rate vary across different regions of the body; 2) covering the skin surface with a patch suppresses sweat evaporation in that specific region; and 3) as Weschler (37) recently proposed, sweat collected from within occlusive coverings may have falsely high electrolyte concentrations because of electrolyte leaching from the stratum corneum of the skin. Numerous laboratories have used the absorbent patch method to measure sweat electrolyte concentration (15, 19, 21, 24, 33, 34, 36) ; however, no study to date has directly compared sweat [Na ϩ ] and [K ϩ ] from the single-site and five-site (weighted for local sweat rate and body surface area, Ref. 35 ) patch collection techniques vs. the WBW method in exercising male and female athletes.
An accurate assessment of sweat Na ϩ and K ϩ loss in the field and laboratory is critical when conducting fluid/electrolyte balance studies or investigating the potential role of sweat electrolyte loss in the etiology of whole body heat-related muscle cramps or exercise-associated hyponatremia. However, the impractical nature of the whole body sweat collection procedure, especially for collections in the field, warrants research to validate the REG patch method vs. WBW. Therefore, the purpose of this study was to make simultaneous WBW and REG sweat collections from exercising male and female athletes to generate regression equations to predict WBW sweat [Na ϩ ] and [K ϩ ] from single-and five-site REG sweat patch collections.
MATERIALS AND METHODS
Subjects. Ten male and 10 female athletes (37 Ϯ 10 yr, 72 Ϯ 11 kg, 173 cm, 1.85 m 2 ; runners, cyclists, and triathletes) with diverse sweat electrolyte concentrations (determined by REG assessment in prior unrelated research) participated in this study. Five additional male (34 Ϯ 7 yr, 73 Ϯ 9 kg) athletes (runners and cyclists) participated in a repeatability study. The experimental protocol was approved by the Human Subjects Review Committee of the Gatorade Sports Science Institute, and all subjects gave written informed consent before participation.
Experimental procedure. Before the experimental trial, subjects' maximal heart rate was determined during a stress test. Then, during a study familiarization trial subjects cycled for 30 min (in study environmental conditions) to determine the resistance and cadence (typically ϳ80 rpm) corresponding to 75% of their maximum heart rate. Subjects were required to refrain from exercise, high-sodium foods, alcohol, and caffeine 24 h and fast 1 h before each experiment. During the experimental trial, subjects cycled on a friction-braked ergometer (Monark model 828 E) at 75% maximum heart rate in a plastic isolation chamber (consisting of a silage bag inside a plastic frame) for 90 min in a warm environment (30°C, 44% relative humidity). Heart rate was monitored using telemetry (Polar, New York). A 90-min protocol was used to ensure that a sufficient volume of sweat was generated for collection and analyses. This protocol duration for REG vs. WBW comparisons has been used previously (30) . During exercise, subjects were allowed to drink a carbohydrateelectrolyte solution (18 meq/l Na ϩ , 3 meq/l K ϩ ) ad libitum. Total whole body sweat loss was calculated from the change in pre-to postexercise nude body mass (BM), corrected for fluid intake, urine loss, respiratory water loss (calculated from Refs. 2, 25) , and weight loss due to substrate oxidation (calculated from Refs. 5, 25; assuming R ϭ 1.0).
Repeatability study. Five male subjects performed the same experimental protocol three times, with each trial separated by at least 1 wk but no more than 2 wk. Subjects were asked to eat a consistent diet and record their food/beverage intake for the two meals preceding each experiment. At the beginning of each trial, urine specific gravity (USG) and BM measurements were taken to determine whether there was consistency in baseline hydration status among trials within each subject. During each trial, subjects cycled at a workload that corresponded to 75% of their maximum heart rate. Two of the five subjects performed the repeatability study during summer months, while the other three subjects completed their trials during winter months (in Chicago, IL). Thus heat acclimation status was not consistent among all subjects, but more importantly, was consistent within subjects. Each individual subject completed the three trials within 4 wk and within the same season (summer or winter).
WBW sweat collection. The WBW method published and validated by Shirreffs and Maughan (31) was used to determine sweat [Na ϩ ] and [K ϩ ] from the entire body. Before entering the plastic isolation chamber, subjects were washed with 4 liters of deionized water, dried with sterile towels, and then donned previously demineralized shorts/ sport bra and Polar heart rate monitor (subjects did not wear socks or shoes). To ensure collection of all WBW Na ϩ and K ϩ loss and to determine the volume of unevaporated sweat collected in the plastic isolation chamber, the subject (nude) and bike were showered thoroughly with 5 liters of deionized water containing 15 mmol/l of ammonium sulfate immediately after completion of the 90-min exercise protocol. After showering, the subject dried off with sterile towels and stepped out of the isolation chamber. The heart rate monitor and subject's shorts/sport bra, as well as all towels, gauze, and gloves that touched the subject during the experiment were put in the bottom of the silage bag (with the sweat and wash solution). After thoroughly mixing the contents collected at the bottom of the silage bag, a 200-ml sample (postwash) was collected for later analysis. Also, a 200-ml sample of the 5-liter ammonium sulfate solution was retained for electrolyte analysis before washing the subject and bike (prewash).
Regional patch sweat collection. After the onset of sweating, one sterile patch (3M Medical Sciences) was attached to each of the following skin sites: the posterior midforearm (FA), back (B, superior scapula), upper chest (C), forehead (FH), and anterior midthigh (T). The FA, B, C, and T patches were place on the right side of the subjects' body. The subjects' skin was cleaned with deionized water and sterile gauze before patch application. Patches were removed when saturated and then placed in a sterile Petri dish. At the end of the experiment, the patch was transferred into an air-tight plastic tube (Sarstedt Salivette) and centrifuged at 3,500 RPM and 4°C for 15 min. Finally, the sweat sample was extracted from the tube, aliquoted into cryovials, and refrigerated until analysis. The five-site REG sweat [Na ϩ ] and [K ϩ ] were calculated based on the following equation, which is weighted for local sweat rate and body surface area (35) :
where [E] is the electrolyte (Na ϩ or K ϩ ) concentration in the sweat (meq/l); SR is the local sweat rate (mg ⅐ min Ϫ1 ⅐ cm Ϫ2 ); TR is the trunk (average of B and C); and the constants represent the percentage distribution of body surface area. SR was calculated from the pre-to post-experiment change in patch ϩ Petri dish weight (mg), the amount of time that the patch was on the skin (min), and the patch surface area (42 cm 2 . The other materials used in the patch collection method (i.e., deionized water, Petri dishes, centrifuge tubes, transfer pipettes, storage tubes; n ϭ 3 each) were also tested for background electrolyte concentration. No Na ϩ or K ϩ contamination was detected in these materials. An ion-specific electrode (Symphony, VWR Scientific) and standard curve were used to quantify the concentration of ammonium ion in the prewash and postwash solutions for dilution calculations (i.e., determining volume of unevaporated sweat in the silage bag at the end of the experiment). WBW sweat [Na ϩ ] and [K ϩ ] were not corrected for sweat electrolytes and sweat volume contained in the patches because the effect would be negligible. For example, each patch absorbs Յ1 ml of sweat, which would amount to Յ0.005 liter (0.001 l/patch ϫ 5 patches) of sweat volume, ϳ0.3 meq of sweat Na . The ICC was calculated from a two-way mixedmodel ANOVA with subjects being a random effect and regional location being a fixed effect in the model. Specifically, ICC agreement was set to absolute, and calculations were based on individual measures from each region (as opposed to measures averaged across region for a given subject). Pearson product-moment correlations were calculated to assess the relations between REG and WBW sweat electrolyte concentrations. A linear regression and Pearson productmoment correlation were also calculated to determine whether there was a significant linear relation between local sweat rate and local sweat [Na ϩ ] (using the group average for local sweat rate and local sweat [Na ϩ ] at each of the 5 sites). Within-subject coefficients of variation (CV) were calculated to assess the repeatability of the REG and WBW methods. A repeated measures two-way ANOVA with Bonferroni post hoc test was performed to detect any association of subjects' sex with the percent differences between REG and WBW methods. A repeated-measures one-way ANOVA with Bonferroni post hoc test was used to determine differences between REG (FA, B, C, FH, T, and combined 5-site) vs. WBW. The overall experimentwise ␣ of 0.05 was divided by the number of comparisons to determine the adjusted ␣ for each individual comparison.
Because the sample sizes are relatively small and require an assumption of normality for parametric testing, and given the relatively large number of samples evaluated in the current analysis and the likelihood that not all will be normally distributed, a bootstrap nonparametric resampling procedure (8) ] was the C (3.8 Ϯ 0.7 meq/l, r ϭ 0.89, ICC ϭ 0.87) for both men and women. There were significant sex differences in the relation between REG and WBW sweat [K ϩ ] for the FA, B, FH, T, and five-site methods, which are shown in Table 3 .
There were no significant differences between the average B or C REG sweat [ ] are also shown in Table 3 . Local sweat rate. The linear relation between local sweat rate and local sweat [Na ϩ ] is illustrated in Fig. 3 . Local sweat rate was directly and highly correlated with local sweat [Na ϩ ] (r ϭ 0.78) but did not reach statistical significance (P ϭ 0.061).
Repeatability. The five men that completed the repeatability study lost an average of 1,277 Ϯ 209 g of sweat (including 176 Ϯ 81 g unevaporated sweat), 139 Ϯ 45 g of respiratory water, 101 Ϯ 18 g from substrate oxidation, and drank 1,387 Ϯ 740 ml of fluid (net Ϫ0.2 Ϯ 0.9% change in body mass). The repeatability results for fluid balance and WBW and REG ]. While baseline BM was relatively consistent among trials within each subject (within Ϯ1 kg), baseline USG was not. Therefore, some of the withinsubject variation in WBW and REG sweat [Na ϩ ] and [K ϩ ] may be due to the within-subject variation in baseline hydration status. Values are means Ϯ SD (95% confidence interval) for 20 subjects (10 men, 10 women). The 5-site REG sweat ͓Na ϩ ͔ was calculated from an equation weighted for local sweat rate and body surface area (35) . WBW, whole-body washdown sweat collection; REG, regional sweat patch collection; FA, forearm; B, back; C, chest; FH, forehead; T, thigh. Bootstrapped values (95% confidence interval) are from 10,000 iterations. *P Ͻ 0.05 vs. WBW sweat ͓Na ϩ ͔ (1-way ANOVA with repeated measures). 
DISCUSSION
The main findings from this study were 1) most REG patch sites overestimated WBW sweat [ To augment our standard parametric analysis of the data and to enhance confidence in our conclusions, we also applied a nonparametric bootstrap method. The bootstrap allows us to resample the original experimental data many times and create a sampling distribution from which confidence intervals can be obtained without any assumptions about the shape of the underlying distribution of values. It can be applied to a wide variety of problems and is of particular utility when checking the adequacy of standard measures of uncertainty or to relax assumptions. Even when there is a relatively high level of confidence in the parametric model and the calculations that flow therefrom, it can be useful to compare this to the bootstrap in the spirit of "robustness of validity" (14) . This is the spirit in which the analysis in the present study was done, and we feel that the parametric and nonparametric approaches are consistent. As can be seen in Fig. 1 , Table 2, and Table 3 ] to a greater extent (4-or 8-site, ϳ60%; FA, 75%; B, 71%; C, 98%; FH, 135%; T, 12%) than in the present study (5-site, 47% Ͼ WBW; FA, 21% Ͼ WBW; B, 65% Ͼ WBW; C, 64% Ͼ WBW; FH, 86% Ͼ WBW; T, 7% Ͻ WBW, when comparing mean REG vs. WBW values). It is possible that this discrepancy is due to differences in sweat collection methodology between studies (parafilm collection pocket technique vs. absorbent patches). In the present study, the sweat [Na ] if appropriate prediction equations were applied. From a practical approach, however, certain skin sites may be more useful than others. For example, it would be difficult to use the T patch on U.S. football players wearing protective padding. In this case, collection of sweat from the FA would be an acceptable and more feasible alternative to the T.
In the present study, there were no sex differences in the percent differences between methods in measuring sweat [ (13, 36) , regardless of the collection site or methodology used ([K ϩ ] range was 2.5-7.9 meq/l for REG and 2.5-4.9 meq/l for WBW, and [Na ϩ ] range was 11-139 meq/l for REG and 14 -88 meq/l for WBW in the present study). Therefore, if C sweat collection is not feasible, it may be reasonable to assume a sweat [K ϩ ] of 3-4 meq/l (based on women's WBW data) to calculate whole body sweat K ϩ loss for mass balance studies. It is unclear why the methods are not related for sweat The use of REG methods as a direct measure of sweat [Na ϩ ] has been criticized because it overestimates actual whole body losses (10, 30, 31, 37) . The ANOVA results of the present study also suggest that most REG sites (with the exception of T) overestimate WBW sweat [Na ϩ ]. It is important to note that the percent differences between each REG site and WBW were greater than the within-subject coefficients of variation. Fivesite REG, FA, B, C, and FH were 47, 21, 65, 64, and 86% greater than WBW sweat [Na ϩ ], respectively, and T was 7% less than WBW sweat [Na ϩ ]. By contrast, the coefficients of variation for five-site REG, FA, B, C, FH, and T were 10, 16, 10, 13, 11, and 5%, respectively ( Values are means (range). Each subject completed 3 trials. The 5-site REG sweat ͓Na ϩ ͔ and ͓K ϩ ͔ were calculated from an equation weighted for local sweat rate and body surface area (35) . BM, body mass; USG, urine specific gravity; CV, within-subject coefficient of variation.
14. (1, 6, 7, 17) , and recently, Buono et al. (7) showed that the reason is that, as sweat rate increases, the Na ϩ secretion rate increases proportionally more than the rate of Na ϩ reabsorption. However, a significant linear correlation between sweat [Na ϩ ] and sweat rate has not been shown across various skin sites. Patterson et al. (30) did not find a significant linear correlation between local sweat [Na ϩ ] and local sweat rate across eight skin regions (r ϭ 0.24, P Ͼ 0.05). We found a high (r ϭ 0.78) but insignificant (P ϭ 0.061) linear correlation between local sweat [Na ϩ ] and local sweat rate across five skin regions (Fig. 3) . Another shortcoming of REG sweat collection method is that covering the skin surface restricts sweat evaporation in that region. Suppression of sweat evaporation may cause an elevation in local skin temperature at the REG collection sites (29) . Local sweat rates at the FA, B, C, and FH were greater than that of the whole body in the study by Patterson et al. (30) , perhaps explaining why sweat [Na ϩ ] from these sites considerably overestimated WBW sweat [Na ϩ ]. In the present investigation, local sweat rate at the B and FH was higher than whole body sweat rate (0.75 mg⅐cm Ϫ2 ⅐min Ϫ1 ). It should be noted that the local sweat rates are likely somewhat underestimated because the patch surface area (42 cm 2 ) used in our calculation takes into account the absorbent pad and the tegaderm nonabsorbent part of the patch (which also collected some sweat drops, but obviously not as much as the absorbent pad). Therefore, it is possible that the local sweat rate at the FA and C were actually higher than that of the whole body as well. Finally, because the T patch was attached for the longest period of time (typically Ն2ϫ longer than other sites, to collect sufficient sweat volume), it is possible that sweating rate at the T was suppressed by hidromeiosis, which may partially explain the lower sweat rate and sweat [Na ϩ ] from this REG site in the present study. It has also been postulated that the REG method overestimates actual electrolyte concentrations because electrolytes are leached from the stratum corneum of the skin when sweat is collected from within occlusive coverings (37) . Weschler (37) noted that an indication of electrolyte leaching is to have REG samples of sweat [ ] in normal healthy subjects (4.4 meq/l). Thus leaching of Na ϩ and K ϩ into sweat samples collected from REG skin sites was likely negligible in the present study.
At least four different REG sweat collection techniques have been employed in sweat composition analyses studies, including the arm bag (9 -12, 18) , plastic sweat capsules (1, 22, 35) , parafilm pouch (4, 27, 28, 30) , and absorbent patches (12, 15, 19, 21, 24, 31, 33, 34, 36) . The absorbent patch method was used to determine the relation between REG vs. WBW sweat electrolyte concentration in the present study because it is widely used (12, 15, 19, 21, 24, 31, 33, 34, 36) and the simplest and most practical technique available (especially for field studies because patches do not interfere with the subject's hand and arm function during sports/exercise). The prediction equations in this paper can be applied when field or lab study conditions and techniques are comparable to that of the present study protocol.
Future directions. 
